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Abstract-Incorporating a medium-voltage DC (MVDC) 
integrated power system is a goal for future surface combatants 
and submarines. In a MVDC shipboard power system, DCIDC 
converters are commonly employed to supply constant power to 
electric loads. These constant-power loads have a characteristic 
of negative incremental impedance, which may cause system 
instability during disturbances if the system is not properly 
controlled. This paper proposes a third-order sliding-mode 
controller (SMC) for DCIDC buck converters with constant­
power loads. The SMC is able to stabilize the DC power systems 
over the entire operating range in the presence of significant 
variations in the load power and input voltage. The proposed 
SMC is validated by simulation studies in MATLAB/Simulink 
for stabilizing a DCIDC buck converter as well as a MVDC 
shipboard power system with constant-power loads for different 
operating conditions with significant variations in the load 
power and supply voltage. 
Index Terms-Buck converter, constant-power load, DCIDC 
converter, medium-voltage DC (MVDC) system, sliding-mode 
controller (SMC), stability 
I. INTRODUCTION 
In advanced shipboard power systems, the continuous 
trend towards "more electric ship" or even "all electric ship" 
will make a significant portion of the mechanical and 
hydraulic power been substituted by electric power. These 
changes will increase the efficiency and reduce costs and 
environmental impact of shipboard systems. Medium-voltage 
DC (MVDC) integrated power system has been established as 
the U.S. Navy's goal in future surface combatants and 
submarines [1]. The MVDC shipboard power system is a 
long-term goal for providing affordable power dense system. 
However, the application still requires standardized methods 
for system design, stability analysis, control, fault detection 
and isolation, etc. In particular, the interactions among 
extensively connected nonlinear power electronic 
components will increase the dynamic complexity of this type 
of "power electronics intensive" power system, where the 
negative incremental impedance-induced instability of the 
system with constant-power loads is one of the main 
challenges [2], [3]. 
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Most power electronic converters in the MVDC shipboard 
power system behave as constant-power loads when they are 
tightly regulated with little variations around the expected 
values. The constant-power loads have negative incremental 
impedance because the load current will increase (decrease) 
with the decrease (increase) of the load voltage [2], [4]. This 
negative incremental impedance will have a negative impact 
on the stability of the DCIDC converters, which may 
consequently threat the power quality and stability of the 
MVDC system. Therefore, appropriate control methods are 
needed to ensure the system stability [1]. 
Classical linear control methods are commonly used in the 
controller design for DCIDC converters. Small-signal models 
have been used to analyze the stability and design controllers 
for DCIDC converters with constant-power loads, in which 
the system's equations are linearized around an eqUilibrium 
point and then analyzed by using classical eigenvalue or 
frequency-domain techniques [5], [6]. However, due to the 
nonlinearity of the system, the linear control methods can 
only ensure small-signal stability, but is not effective when 
the system is experiencing large perturbations. Recently, 
large-signal analysis methods, e.g., large-signal phase-plane 
analysis, Lyapunov analysis, and Brayton-Moser Mixed 
Potential method, have been used for stability analysis of 
shipboard systems [7], [8]. These methods can provide 
analytical estimation of the system's stability region. Sliding 
mode and feedback linearization-methods [4], [5], [8]-[11] 
have been used for controller design of DC/DC converters. 
However, these controllers were designed to only handle the 
systems at one constant-power condition [4], [5], [8] or with a 
resistive load [9]-[11] and cannot guarantee system stability 
when the load changes significantly. To ensure the stability of 
a MVDC system with constant-power loads, a controller that 
can guarantee large-signal stability in the presence of input 
voltage variation and load change is needed. 
This paper proposes a third-order sliding-mode controller 
(SMC) for DC/DC buck converters with constant-power 
loads. The proposed SMC is capable of stabilizing the DC 
power systems over the entire operating range in the presence 
of significant variations in the load power and supply voltage. 
Simulation studies are carried out in MA TLAB/Simulink to 
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validate the proposed controller for stabilizing a DC/DC buck 
converter as well as a MVDC shipboard power system with 
constant-power loads. 
The remaining of the paper is organized as follows. Section 
n describes the negative incremental impedance-induced 
instability of a DC power system with constant-power loads. 
The sliding-mode control approaches are briefly reviewed in 
Section III. Section IV presents the proposed third-order 
SMC for controlling a DC/DC buck converter with constant­
power loads. In section V, the proposed SMC is applied to 
control a DC/DC buck converter in a MVDC power system 
and is validate by simulations. Section VI summarizes the 
paper by some concluding remarks. 
II. NEGATIVE INCREMENTAL IMPEDANCE-INDUCED 
INSTABILITY OF A DC POWER SYSTEM WITH CONSTANT­
POWER LOADS 
The electric components, e.g., power electronic converters 
and motor drives, of advanced MVDC shipboard power 
systems, especially those in the shipboard DC Zonal 
Electrical Distribution (ZED) modules, behave as constant­
power loads when they are tightly regulated. Fig. 1 shows a 
DC/DC converter, whose output voltage is regulated to 
supply a constant-power load, in a shipboard DC-ZED 
module. Consequently, the input power of the DCfDC 
converter is constant. 
MYDC 
Bus 
Constant 
Power 
Low·Yoltage 
DC Bus 
J..+ 
DCIDC Constant-
Converter V Power Load 
L..:.:....:.:.:..:.:..r--t"-=-
Control 
Output Yoltage 
Reference Yoltage 
Fig. I. A DC/DC converter behaving as a constant-power load in a 
shipboard DC-ZEDS system module. 
For a constant-power load, the product of the load voltage 
and current (i.e., P = VI) is a constant and the instantaneous 
value of the load impedance is positive (i.e., V/I > 0). 
However, the incremental impedance is always negative (i.e., 
llVfIV < 0). This negative incremental impedance has a 
negative impact on the power quality and stability of the 
system. 
A buck converter in Fig. 2 is used as an example to show 
the instability of a DCIDC converter with a constant-power 
load. The state-space equations of the buck converter when 
the switch is on (i.e., 0 < t < d7) and off (i.e., dT < t < 7) are 
given by (1-A) and (1-B), respectively. 
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(I-A) 
l�
=
� «(
-V
J J' dT<t<T (1-B) o 1 . P -=- IL--dt C Vo 
where d and T are the duty ratio and switching period of the 
converter, respectively. Using the state-space averaging 
method [12], [13], the dynamic model of the buck converter 
can be written as: 
+ 
h --+ 
L 
�ic 
C 
Fig. 2. A buck converter with a constant-power load. 
l diL 1 �" : � «(v;:� -:"J
) 
dt C Vo 
+ 
P V() 
(2) 
Consider small perturbations in the state variables due to 
small disturbances in the input voltage and duty ratio as 
follows: 
I v," = v,< ''" d=D+d Vo = V o +vo iL=IL+iL (3) 
where Vin, D, Vo, and h are the average values of Vin, d, vo, 
and h, respectively. Substitute (3) into (2), the dynamic 
model of the buck converter becomes: 
I
diL I(V d- D- - ) -= - in + Vin -Vadt L 
d:; = � ( iL -�o J (4) 
Note that the following approximation is made due to the fact 
that Vo » vo: 
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p p p p� p� IL --=----= =-2 Vo Vo Vo+Vo VoeVo+Vo) Vo 
The transfer functions of the system can be obtained from 
(4) as follows. 
H ( )- vo(s) IS ---des) 
�n 
LC 
s -- s+-2{ p ) 1 cV; LC 
D 
H2 (s)= vo(s) = LC 
VineS) 2 ( p ) 1 s - -- s+-CV; LC 
(5) 
Both transfer functions have poles in the right half plane. 
Therefore, the system is unstable because of the constant­
power load. Fig. 3 shows the simulation results of the load 
voltage and current of the open-loop buck converter, where 
the initial duty ratio is 0.25; the source voltage is 40 V; and 
the constant load power is 2 W. A small disturbance in the 
load current at 1 ms causes the load voltage to increase in 
order to maintain the constant power. Then the source voltage 
is less than twice the load voltage, which results in further 
decrease of the inductor and load currents. This acts as a 
positive feedback to the circuit. Therefore, the load current 
eventually decreases to zero while the load voltage increases 
to 40 V, which is the same as the source voltage. 
Linear (e.g., PI) controllers can be designed to stabilize the 
system around a specific operating condition based on a 
linearized small-signal model, such as that described by (5). 
However, when the operating condition (e.g., the input 
voltage Vin or the load power P) changes significantly, the 
system, which still contains unstable poles, may not be able 
to be stabilized by using the same linear controllers. 
�" H 
• • • • • • • L·· I ! ! ! 1 i:·:tEH: ! I , ! 
o 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 
'::llift f l f l 
o 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 
Time (5) 
Fig. 3. Simulated load voltage and current of the open-loop buck converter 
with a constant-power load. 
As a comparison, under the small perturbations of (3), the 
transfer function of the buck converter with a resistive load 
can be obtained as: 
�n 
H (s)- Vo(s) _ IE 3 � - 1 1 des) S2+-s+-RC LC 
(6) 
where the two poles are in left half plane. Therefore, the 
system is stable. 
III.SUDING-MODE CONTROL 
Sliding mode control [14] is an important robust control 
approach for nonlinear systems. In sliding mode control, a 
high-order system is replaced by a first-order system. The 
most important issue in designing a sliding mode control is to 
design a switched control law to drive the plant state to a 
switching surface and maintain it on the surface upon 
interception. Previous studies have shown that if the 
controller is truly operated in the sliding mode, it will have 
attractive advantages of robustness to disturbances and low 
sensitivity to parameter variations. 
Consider a single-input dynamic system: 
xn=f(X)+b(X)·u (7) 
where the scalar x is the output of interest (e.g., the output 
voltage of a DCIDC converter); the scalar u is the control 
input; and X is the state vector. Suppose Xd is the desired 
time-varying output, the output tracking error can be defined 
as x = x - Xd • Then an nth -order sliding surface is designed as: 
( 
I
n-l 
s(x;t) = �+A x (8) 
where A is a strictly positive constant. 
Existence and reaching conditions are two necessary 
conditions to ensure the stability of the system under a sliding 
mode control. The existence condition ensures the system 
slides across the sliding surface, which is expressed by: 
Iim s ·s < 0 (9) 
s-.o 
The reaching condition ensures that the system can reach the 
sliding surface from any initial position in finite time. 
IV. THIRD-ORDER SMC FOR THE DCIDC BUCK CONVERTER 
WITH CONSTANT-POWER LOADS 
This section proposes a third-order SMC for the DC/DC 
buck converter with constant power loads, as shown in Fig. 2. 
Form the control perspective, a power system feeding 
constant-power loads has many uncertainties, e.g., parametric 
uncertainties and unmodeled dynamics. The proposed SMC 
can stabilize the system when large disturbances occur in the 
input voltage and output power of the converter. This feature 
is critical to the safe operation of the MVDC shipboard power 
system, particularly when the DC-bus voltage is unstable and 
the ZED modules have load shedding. 
A. Mathematical Model afthe Proposed SMC 
The mathematical model of the DC/DC buck converter with 
a constant-power load is obtained as (2) by the state-space 
978-1-4244-9500-9/11/$26.00 © 2011 IEEE 
averaging method. According to (8), the following third-order 
sliding surface is obtained. 
s=(:r +AJ U�xdt)=�+2AX+A2f�xdt (10) 
where x is the output tracking error, which is defined as ev = 
Vref - Vo in this paper, where Vref is the reference value of the 
output voltage of the buck converter. Therefore, (10) can be 
rewritten as: 
s=alev+a2ev+adevdt (11) 
The dynamics of the system while in the sliding mode can be 
written as s = O. An equivalent control ueq can be obtained by 
solving this equation, which can be interpreted as a 
continuous control law that would maintain s = 0 if the 
dynamics are known. However, in a switching system, the 
switching control laws cannot be obtained by solving the 
equation directly. Therefore, continuous approximation is 
needed. According to (11), the following is obtained. 
(12) 
According to system equations (2), the first and second 
derivatives of the output tracking error can be obtained. 
. 1 P 
e = -v = -- ( i --) (13) v 0 
C 
L V o 
.. p . vin Vo ev = -2-2 1c--Ueq+-
C VO LC LC 
The equivalent control can be constructed as: 
ueq = du+ + (1-d)u_ 
(14) 
(15) 
where u+ = 1 and u_ = 0; d is the duty ratio of the converter. 
Consider the existence condition (9), if s --> 0+, S < 0 and ueq 
= 1. Substituting (13) and (14) into (12) yields: 
s=( �IP2 -!:!2.J ie -�(Vin -Vo )+ a3(Vref -Va ) < 0 (16) vaC C LC 
If s --> 0-, S > 0 and ueq = O. Substituting (13) and (14) into 
(12) yields: 
. ( al P a2 J . al s = -2-2 -- Ie +-Va +a3(Vref -VJ > 0 VaC C LC 
According to (16) and (17), the duty ratio d is obtained. 
d = �[(�-!:!2.) i +�v + a3C(V -V)] C 2 C L a ref a Vin Vo al al 
(17) 
(18) 
Defme kl = L (�-!:!2.J and k2 = a3LC , the desired duty CVa al a1 
ratio is obtained as: 
• 1 d = -[�ic+k20·�'ef-vo)+vo] (19) Vin 
The parameter kl of (19) is adaptive to the load power and 
load voltage. In the sliding surface equation (11), the load 
voltage error is used as the switching condition. Thus, the 
proposed SMC can stabilize the load voltage when the load 
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condition changes, e.g., when load shedding occurs. The 
input voltage of the buck converter also appears in (19). 
Therefore, the duty ratio is also adaptive to the variation of 
the input voltage. 
The proposed third-order SMC is applied to control the 
buck converter with constant-power loads, as shown in Fig. 
4. The sensed input voltage is used to regulate the magnitude 
of a triangle signal to generate a carrier signal, which is then 
used with the output of the SMC to generate the pulse-width 
modulation (PWM) control signal to drive the controllable 
switch of the converter. The switching frequency of the 
converter is determined by the frequency of the triangle 
signa\. 
h -
�ic 
+ 
C 
ic 
Fig. 4. Schematic diagram of the buck converter with a constant-power load 
controlled by the third-order SMC. 
B. Simulation Results 
Simulations are carried out in MA TLAB/Simulink to 
validate the proposed SMC. The parameters of the buck 
converter are shown in Table I. The input voltage of the buck 
converter is step changed from 0 V to the values in Table I to 
demonstrate the effectiveness of the SMC for different input 
voltage conditions. The output voltage responses are shown 
in Fig. 5. It shows that the variations of the input voltage have 
little impact on the output voltage by using the SMC. After 
zooming in the output voltage responses around 100 V, Fig. 6 
shows that the output voltage has a small overshoot (less than 
2 V) when the input voltage is 600V and 800V, which 
however does not appear when the input voltage is 200 V or 
400 V. The small overshoots at high voltage levels can be 
reduced by increasing the sampling rates of the capacitor and 
load currents. In this application, the small overshoots in Fig. 
6 are acceptable. 
To demonstrate the effectiveness of the SMC for different 
constant load power conditions, the output power of the 
converter is step changed from 50 W to 250 W at 0.04 s and 
from 250 W to 660 W at 0.08 s, as shown in Fig. 7; while the 
input voltage is 400 V constant. Fig. 8 shows the output 
voltage response, which is well controlled to be constant at 
101 V by the SMC during the step changes of the output 
978-1-4244-9500-9/11/$26.00 © 2011 IEEE 
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power. As a contrast, Fig. 9 shows the output voltage 
response of the buck converter controlled by a linear PI 
controller. The PI controller is designed to ensure the small­
signal stability, but cannot stabilize the system when the load 
changes significantly. 
TABLE I 
f 
200/400/600/800 V 5012501660 W 50 kHz 
� 
Q) 
Cl nI 
.... 
"0 
> 
100 
80 
60 
40 
20 
0 0 
Vin 800V 
0.06 0.07 
Fig. 5. The output voltage responses of the buck converter. 
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· . , . 
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Q) 
�101.5 
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� 101 
100.5 ..... -:-............ -:-............ � ............. ! ............. r············ - :-............ - :-, . , , . , , , . . , . . , , . , , . , , , . , , . , , , . , , . , , 
100
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 
Time (s) 
Fig. 6. Output voltage details of buck converter with PID based SMC. 
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Fig. 7. Step changes in the output power of the buck converter. 
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Fig. 8. The output voltage response of the buck converter with the third­
order SMC during step changes of the output power. 
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Fig. 9. The output voltage response of the buck converter with a PI 
controller during step changes of the output power. 
V. MVDC SHIPBOARD POWER SYSTEM WITH CONSTANT­
POWER LOADS 
Fig. 10 shows a typical MVDC shipboard power system 
based on the national MVDC architecture in [1]-[2]. Two 
main power generation modules (M-PGM) of 36 MW each 
are mainly used to supply power to the two propulsion motor 
drives (PMM). The two auxiliary power generation modules 
(A-PGM) are used to satisfy other electrical demand of the 
system. The four generators are connected to the main DC 
bus through voltage source converters (VSC), which are 
operated coordinately to maintain the voltage of the main DC 
bus and share the load demand among the four generators. 
The operation of this MVDC system is similar to the multi­
terminal HVDC systems described in [15], [16]. 
The power distribution grid of the system adopts the ZED 
topology. These DC zones are connected to the main DC bus 
through power conversion modules (PCM) and power 
distribution modules (PDM). The DC voltage quality and 
stability are critical to the sensitive loads in the shipboard 
power system, especially when load shedding happens. The 
PCMs convert the main DC-bus voltage to appropriate DC or 
AC voltages required by the loads in each zone. These DC 
and AC zones can be viewed effectively as constant-power 
978-1-4244-9500-9/11/$26.00 © 2011 IEEE 
AC Generator 
4MVA 
M-PGM Main Power Generation Module 
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PDM Power Distribution Module 
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PMD Propulsion Motor Drive 
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Fig. 10. A typical shipboard MVDC system with DC-ZED modules behaving as constant power loads. 
Main DC Bus 
AC Bus 
Transformer Power Line Voltage Source Converter 
Fig. II. A one-generator MVDC system having a constant power load. 
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DC Zone 
loads from the input terminals of the corresponding PCMs 
and PDMs. The proposed SMC are used to control the 
DC/DC converters of these PCMs. 
A. Testing System Description 
Fig. 11 illustrates a one-generator MVDC system having a 
DC zone behaving as a constant-power load, which is a part 
of the system in Fig. 10. The DC zone is modeled by two 
buck converter connected in series with a constant-power 
load, as shown in Fig. 1. The source-side buck converter is 
connected directly to the 500-V main DC bus (i.e., the dc 
terminal of the VSC), working as a voltage regulator to 
maintain the input voltage of the load-side buck converter as 
the desired level. The load-side buck converter is controlled 
by the proposed third-order SMC to supply constant-power to 
the load. The generator is fed to the main DC bus through a 
three-level ACIDC PWM IGBT converter, which has the 
power rating of 500 kW. The AC/DC PWM converter is 
controlled by PI regulators to maintain a constant voltage for 
the main DC bus and a unity power factor for the generator. 
B. Simulation Results 
Simulations are carried out in MA TLAB/Simulink to 
validate the proposed SMC for controlling the load-side buck 
converter with the constant-power load. In the simulation, the 
main DC-bus voltage drops from 500 V to 320 V at 0.5 s, as 
978-1-4244-9500-9/11/$26.00 © 2011 IEEE 
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shown in Fig. 12. Fig. 13 shows that the load voltage only 
changes slightly from 102.6V to 102.3V. Fig. 14 shows the 
power consumed by the load, which is a constant of 208 kW. 
The main DC-bus voltage drop has almost no impact on the 
output power of the load-side buck converter. These results 
clearly show that the proposed SMC successfully control the 
load-side buck converter to adapt to the large disturbance in 
the main DC bus. 
In the second test, the load power is step changed from 
approximately 210 kW to 420 kW at 0.25 s and from 420 kW 
to 840 kW at 0.75 s, as shown in Fig. 15. In addition, the 
main DC-bus voltage drops from 500 V to 320 V at 0.5 s, 
which causes the load power drops slightly from 422 kW to 
420 kW. Fig. 16 shows that load power variations have little 
impact on the output voltage. The steady-state load voltage 
variation is less than 0.3 V. These results clearly show that 
the proposed SMC successfully control the load-side buck 
converter to adapt to the large disturbance in the load power. 
500�---------a 
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.. 01 '" 
'\5 400 > 
350 
3000 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Time (s) 
s:--
Q) 
C) 
IV 
� 
0 
> 
Fig. 12. The voltage profile at the main DC bus. 
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Fig. 13. The load voltage response. 
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Time (s) 
Fig. 14. The load power response. 
VI. CONCLUSION 
This paper has analyzed the negative incremental 
impedance-induced instability of a DCIDC buck converter 
with constant power loads. Such power electronic systems 
cannot be stabilized by using conventional linear controllers. 
To solve the problem, this paper has proposed a third-order 
SMC for stabilizing DCIDC converters with constant-power 
loads. Simulation studies have been performed in 
MATLAB/Simulink to validate the SMC for stabilizing a 
DC/DC buck converter as well as a MVDC shipboard power 
system with constant-power loads. Results have shown that 
the SMC is capable of stabilizing the DC power systems over 
the entire operating range even when the load power and 
supply voltage change significantly. 
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Fig. 15. Step changes in the load power while the main DC-bus voltage drops 
at 0.5 s. 
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Fig. 16. The load voltage response during step changes in the load power. 
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